Drought is a major environmental factor limiting cotton (Gossypium hirsutum L.) productivity worldwide and projected climate changes could increase their negative effects in the future. Thus, targeting the molecular mechanisms correlated with drought tolerance without reducing productivity is a challenge for plant breeding. In this way, we evaluated the effects of water deficit progress on AtDREB2A-CA transgenic cotton plant responses, driven by the stress-inducible rd29 promoter. Besides shoot and root morphometric traits, gas exchange and osmotic adjustment analyses were also included. Here, we present how altered root traits shown by transgenic plants impacted on physiological acclimation responses when submitted to severe water stress. The integration of AtDREB2A-CA into the cotton genome increased total root volume, surface area and total root length, without negatively affecting shoot morphometric growth parameters and nor phenotypic evaluated traits. Additionally, when compared to wild-type plants, transgenic plants (17-T 0 plants and its progeny) highlighted a gradual pattern of phenotypic plasticity to *These authors have contributed equally to this work. some photosynthetic parameters such as photosynthetic rate and stomatal conductance with water deficit progress. Transgene also promoted greater shoot development and root robustness (greater and deeper root mass) allowing roots to grow into deeper soil layers. The same morpho-physiological trend was observed in the subsequent generation (17.6-T 2 ). Our results suggest that the altered root traits shown by transgenic plants are the major contributors to higher tolerance response, allowing the AtDRE2A-CA-cotton plants to maintain elevated stomatal conductance and assimilate rates and, consequently, reducing their metabolic costs involved in the antioxidant responses activation. These results also suggest that these morpho-physiological changes increased the number of reproductive structures retained per plant (26% higher) when compared with its non-transgenic counterpart. This is the first report of cotton plants overexpressing the AtDRE2A-CA transcription factor, demonstrating a morpho-physiological and yield advantages under drought stress, without displaying any yield penalty under irrigated conditions. The mechanisms by which the root traits influenced the acclimation of the transgenic plants to severe water deficit conditions are also discussed. These data present an opportunity to use this strategy in cotton breeding programs in order to improve drought adaptation toward better rooting features.
Introduction
Drought is often the most yield-limiting factor for plants. Water supplies will continue to decrease worldwide as the global population will increase from the current 7 billion to over 9 billion people in 2050 [1] . Along with water scarcity, the rate of land expansion under irrigation is decreasing substantially [2] . Therefore, it is imperative to maximize food production vertically, e.g., to minimize the use of cropland and water use and develop higher-yielding varieties resistant to pests and diseases, as well as more tolerant to future climate scenarios [3] [4] . Facing these global agricultural challenges, there is an urgent need to develop crops with delayed stress-onset to manage risk and increase yield and quality under both optimal and suboptimal conditions.
Cotton is one of the most important fiber crops worldwide and annually generates nearly US$ 12 billion. Its production involves more than 350 million people, from farming to logistics, textile ginning, processing and packaging.
Currently, cotton is produced by over 60 countries in five continents and Brazil stands amongst the top five cotton producers globally [5] . Nevertheless, cotton crop has been severely threatened by different biotic and abiotic stresses. Water deficit has been considered one of the main limiting factors to crop harvests M. E. Lisei-de-Sá et al. DOI: 10.4236/as.2017.810087 1197 Agricultural Sciences during the critical season [6] .
Various traditional and molecular genetics approaches have been applied to improve drought tolerance. Conventional breeding for water deficit tolerance has had and continues to have success, but it is labor-intensive and time-consuming.
These constraints primarily arise due to the complex identification of quantitative trait loci that controls yield, as well as the difficulty to control moisture levels in the field [7] [8] [9] , which can lead to increase trial error, decreasing its precision and, consequently, making it difficult to quantify the treatment effects.
In contrast, rapid progress in plant biotechnology has opened up new possibilities for creating drought tolerant crops by identifying key genes and introducing them through genetic engineering [10] .
Numerous drought-inducible genes have been identified and used as candidate genes in genetic engineering including a number of transcription factors that regulate stress-inducible gene expression [11] [12] . Among them, the dehydration-responsive element binding (DREB) transcription factors from Arabidopsis thaliana have been reported to enhance drought tolerance in transgenic plants [13] . Both DREB1A and DREB2A regulatory proteins bind to the same cis-acting element, DRE, present in the promoter of numerous genes activated under water stress. However, these two proteins function in different signal transduction pathways under low-temperature and dehydration stress conditions [14] [15] . The AtDREB1A gene improves tolerance to cold acclimation and dehydration [16] [17] . On the other hand, the AtDREB2A gene or its constitutively active form (DREB2A-CA) is strongly involved in water deficit response but only slightly involved in freezing tolerance [18] [19] . Afterwards, several DREB genes have been identified in a large number of plant species [20] [21]
[22] [23] .
Early attempts to develop transgenic plants tolerant to water stress focused on the use of constitutive promoters such as CaMV35S. However, it has been demonstrated that the use of a stress-inducible promoter is important to minimize deleterious side-effects including reduced vegetative growth and delayed flowering [16] [24] . Although promoters that are constitutively expressed at high levels are still widely used, they are not appropriate for all transgenes [10] [25] [26] .
In cotton, concurrent efforts to identify appropriate transgene-promoter combinations in suitable backgrounds have been undertaken by several research groups as an alternative to circumvent unfavourable climate conditions (Additional File 1- Table S1 ) [25] - [39] . These reports demonstrate that these gene products protect cotton under water deficit conditions but none of these genes has been used as commercial traits.
Drought stress lead to a considerable reduction in photosynthetic performance mediated through stress-induced stomatal or non-stomatal limitations [40] . Thus, the evaluation of physiological parameters is very important to discriminate between the effects of these limitations on the plant photosynthetic capacity [41] [42] . Moreover, the assessment of variability in specific traits such 
Material and Methods

Molecular Analysis Cotton transformation
Embryos of Embrapa 113-7MH cotton cultivar were co-transformed with 25 μg of the following DNA fragments: AHAS cassette (obtained by cleavage of pAC321 vector with PvuII restriction enzyme) [44] and pBSK-rd29A::AtDREB2A-CA-NOSt (linearized with ScaI restriction enzyme) [45] (Figure 1(A) ). The methodology employed was microparticle bombardment (biolistic) and the resultant transformed plantlets were selected as previously described [46] were selected. These ten T 0 cotton plants were phenotypically characterized with regard to drought tolerance. Three of them (03-T 0 , 11-T 0 and 17-T 0 ) with the healthiest phenotypes when compared to WT after seven days without irrigation were selected, as shown in (D). Six AtDREB2A-CA PCR-positive seeds from the three selected T 0 lines were planted and then subjected to physiological analysis. Among the eighteen plants in the T 1 generation, the two with the best physiological results were selected (17. Table S2 . The raw SYBR-fluorescence data from all qPCR amplification runs were imported into the Real-time PCR Miner software [50] to determine the corrected threshold cycle (C t ) value and efficiency of the primers. Gene expression analyses were completed using qBASE Plus software [51] . Statistical analysis was performed using REST software (Qiagen Table S2 ). Firstly, the absolute quantity of the two genes ubc1 and AtDREB2A-CA was determined by qPCR in reference to standard curves, which were obtained by plotting the C t values against the log-transformed concentration of serial tenfold dilutions (10 ) from the same reference plasmid, pBSK-AtDREB2A-CA-ubc1. Subsequently, the absolute copy number of the plasmid pBSK-AtDREB2A-CA-ubc1 was calculated using C t values based on the standard curves. Finally, the relative copy number of the AtD-REB2A-CA target gene was obtained using the ratio between AtDREB2A-CA and ubc1 absolute concentrations in the same sample. 
Leaf water potential
At the first flower occurrence, the leaf water potential at predawn (LWPpred-between 4:30 and 5:00 a.m.) was monitored every three days to define the most suitable leaf water status for gas exchange analyses in both transgenic and WT plants [55] . These procedures were conducted using an Oregon
Corvallis pressure chamber, 97,330 (PMS Instrument Company) and water potential measurements were performed as described in literature [56] . Briefly, ). The sample chamber was programmed to maintain 400 ppm CO 2 at 25˚C and relative air humidity at 35% -50% for all measurements. The CO 2 concentration in the cuvette (Ca, µbar) was controlled using a 12 g CO 2 cartridge in the injector system. Leaves were acclimated in the leaf chamber for two to four minutes until steady-state gas exchange was achieved.
For all stressed and control treatments measurements were started on the uppermost fully expanded leaf in the middle third of each plant. The leaves were tagged in order to use the same sample in all measurements and the mid-to distal-portion of each leaf blade was inserted into the LI-6400 chamber.
Shoot and root architecture analysis The two sheets were separated on three sides (two long sides and one of the short sides) by 0.9 cm aluminum spacers and were held with foldback paper clips. The rhizotrons were filled with 1220 g of black substrateas described in detail above. Rhizotrons were placed with an inclination of 42˚ relatively to vertical position and covered with black plastic sheet to exclude light from the soil and roots, leaving small slits for seedlings to emerge. Before sowing, the rhizotrons were watered to field capacity and the plants were subjected to the same water stress procedures imposing and monitored as previously described.
After stress period, imaging and analysis of root architecture were performed with a camera (Sony Cyber Shot DSC-HX1, Optical Zoom 20X) and the photographed images were analyzed with WinRHIZO PRO to determine total root Osmotic adjustment analysis
The youngest fully developed leaves from17.1-T 2 and 17.6-T 2 transgenic cotton lines were rehydrated for 12 h and sampled according to LWP pred thresholds values defined above. Then, each leaf was washed with deionized water, sealed in a 20.0 mL plastic syringe, immediately frozen in liquid nitrogen and stored at −20˚C until required. For osmolality analysis, syringes containing leaf samples were manually pressurized and the sap was transferred to a 1.5 mL plastic microtube for subsequent centrifugation (10,000 g for 10 min at 0˚C -4˚C).
Sap samples were taken for osmolality determinations using a Vapor Pressure
Osmometer (Vapro 5600, Wescor Biomedical Systems Inc.). The osmotic potential was determined using the ideal gas equation (ψs = −RTcs), where R is the gas constant (8.32 J mol
), T is the absolute temperature (in Kelvin degrees) and cs is the solute concentration in the solution, expressed as osmolality. Osmotic adjustment was calculated by the rehydration method [57] , which was calculated by the difference between osmotic potential measured in non-stressed and stressed leaves after full rehydration.
Effect of water deficit on yield
The productivity of transgenic cotton progenies was estimated as the mean 
Results
Plant Transformation and Molecular Analysis
The overall experimental design was in accordance with the flowchart in Fig.   1A .Two different vectors, one containing the AtDREB2A-CA gene and the other containing the AHAS gene (selective marker that confers resistance to Imazapyr) were used to co-bombard apical meristems of mature cotton embryos of Embrapa 113-7MH cultivar (Figure 1(B) ). From 3000 embryos bombarded, 148 (4.93%) putative AHAS-transformed plantlets were selected by resistance to Imazapyr. Genomic DNA was extracted from leaves of the surviving transgenic plants and was used for PCR analysis to verify the presence of AtDREB2A-CA. Physiological Analysis Leaf water potential and gas exchange analysis
At the beginning of water with drawal, the LWP pred of T 1 and T 2 plants was always kept at −0.5 MPa or greater (less negative) (Figure 3 (A) and Figure 3 (B), outperformance. As water deficit treatment progressed, the proportional decrease in the P n was significantly less affected than the decrease in stomatal conductance, demonstrating the different roles of stomatal responses on the gas exchange parameters in the analyzed lines. Data from the T 2 generation demonstrated that the most evidenced differences between the transgenic lines and WT plants were observed at severe stress level for all gas exchange variables analyzed.
There was a strong gs decrease in WT plants when compared with the transgenic lines. This trend also extended for the E and Ci parameters. On the other hand, P n performance was less affected in terms of magnitude across stress levels, with reduced values for WT plants varying from 25.81% (moderate stress) to 56.63%
(severe stress) in comparison with well-watered conditions. On the other hand, the 17.1-T 2 transgenic line showed a slow progress and a small final proportional decrease in P n , varying from 21.64% to 28.47% in both described stress levels. Shoot morphology and root traits 
Discussion
The present investigation provides the first report of a GM cotton plant tolerant to drought stress due to the presence of theAtDREB2A-CA gene driven by the rd29A inducible promoter, instead of the CaMV 35S constitutive promoter. Employing an optimized biolistic transformation protocol [47] , a high transformation frequency was obtained with the cotton cultivar Embrapa 113-7MH.
The particle bombardment process often results in complex transgene integration patterns [59] [60] . In contrast to this statement, the present study showed that just one or two copies of AtDREB2A-CA cassette were integrated into the cotton genome. Low number of transgene copies was also observed in a previous study of transgenic cotton plants transformed by a biolistic procedure other studies, the over expression of DREB genes under the control of the rd29A promoter conferred increased drought and freezing tolerance into transgenic [68] . Another important feature of the rd29A promoter is that it can be induced in all plant organs including leaves and roots, working as a component of stress perception and signaling in response to water deficits [69] .
Qualitative and quantitative assays in soybeans cultivars with the rd29A::GUS cassette showed significant rd29A promoter activity in soybean plants subjected to dry-down conditions. In addition, the reporter gene expression was notably higher in roots than in leaves and the rd29A promoter did not result in agronomic penalties through leaky expression when no abiotic stress was imposed [70] .
Currently, only a few DREB-related genes have been introduced into different conductance, transpiration and photosynthesis [12] . In the present study, under well-watered conditions, the genotypes displayed similar physiological behaviors for most parameters, which indicate that the insertion of AtDREB2A-CA did not negatively affect their performance. The same observation was previously reported for rd29A::DREB1A-peanut plants under normal irrigated conditions [62] .
In this report, all the gas exchange variables were higher among the descen- was partially related to the stimulation of root penetration into deeper soil layers [78] . In contrast, sugarcane plants transformed with AtDREB2A-CA did not show significant differences in root diameter, volume or length [73] . As reported in other study, roots may explore a larger volume of soil to obtain more water, however, this important parameter is rarely considered during GM analysis [12] .
Since the 17- Osmotic adjustment is considered a crucial process for plant adaptation to drought because it sustains tissue metabolic activity and enables regrowth upon re-watering, although it varies greatly among genotypes [85] . Nevertheless, osmotic adjustment is important for root traits, enabling their sustained growth under decreasing water availability in soil [86] .
The expression of AtDREB2A-CA in cotton plants also significantly improved drought tolerance during the reproductive stage. The transgenic lines had substantially improved retention of reproductive structures (squares, flowers and bolls), approximately 26.0% higher than that of WT plants. Although yield components were not evaluated under non-stressed conditions, we assume that they would not be lower, once AtDREB2A-CA insertion did not cause any morphophysiological penalty to the plants in non-stressed conditions. In this report, it was evident that the modifications in the root architecture of transgenic lines were correlated with physiological attributes and yield components. For cotton breeding, strategies using stomatal conductance regulation, osmotic adjustment capability and promotion of a larger and deeper root are pursued to favour better water status and fiber yield when plants are subjected to water deficiency [58] [77]. The performance of cotton lines over expressing stress responsive NAC1 (SNAC1) under drought and salt stress conditions was significantly better than WT plants in terms of boll number [36] . Similarly, cotton transgenic lines transformed with GHSP26 (Heat Shock Protein Gene), GUSP1 (Universal Stress Protein Gene) and Phyto-B (Phytochrome-B Gene) showed a significant increase in the number of bolls per plant, single boll weight, and seed cotton yield under drought stress, when compared with WT plants [34] . An improvement of yield components up to 24.0% in drought trials under field conditions was achieved using DREB1A-peanut plants across a wide range of stress intensities and resulted in higher harvest indices [62] . Thus, our study highlighted that, despite being a proof of concept, the increase in production observed in the T 2 descendants from 17 transgenic lines can be considered a promising result in obtaining transgenic cotton more tolerant to drought.
Conclusions
Based on our findings, the 17-AtDRE2A-CA-cotton line exhibited enhanced drought tolerance in comparison with control plants via a more robust root system trait. The high and stable physiological features followed by better gas exchange indexes displayed by this line were also maintained among its descendants (T 2 generation). The superior rooting depth and density of this transgenic line resulted in higher ability to acquire water in deeper layers, which likely contributed to its higher yield components in drought conditions, when compared to its WT counterpart. Moreover, this high performance was confirmed by im-proved photosynthetic data, leading to higher numbers of retained reproductive structures in these plants. To the best of our knowledge, the present work is the first report in cotton demonstrating a physiological and yield advantage attributes under drought stress using the AtDREB2A-CA transcription factor.
Further evaluation will be performed under field conditions in order to assess whether AtDREB2A-CA gene can be used to increase cotton crop production in water-limited real field trials.
